The potential of cytologically reconstructed barley line D-2946 to cope with the major lesions that hamper genome integrity, namely DNA single-and double-strand breaks was investigated. Strand breaks induced by γ-rays and Li ions were assessed by neutral and alkaline comet assay. Repair capacity after bleomycin treatment was evaluated by agarose gel electrophoresis under neutral and alkaline conditions. Frequencies of radiation-induced chromosome aberrations were also determined. Results indicate that radiation-mediated constitutive rearrangement of the chromosome complement has led to a substantial modulation of the sensitivity of barley genome towards DNA strand breaks, produced by ionising radiation, Li ion implantation and bleomycin in an agent-specific manner, as well as of the clastogenic response to γ-rays. Based on these findings, reconstructed barley karyotype D-2946 can be considered a candidate radio-sensitive line with reduced ability to maintain genome integrity with respect to both DNA and chromosomal damage.
Introduction
Plants are constantly exposed to high levels of genotoxic stressors that threaten their genomic integrity, which is manifested by mutation induction, developmental arrest and/or cell death. As plants lack a reserved germ-line and plant cells enter meiosis after significant vegetative growth, mutations occurring in somatic cells can be easily transmitted to the next generation (1) . The type and frequency of mutations are tightly linked to the nature of the initial DNA lesions and efficiency of their repair, making induced mutagenesis a powerful tool for the enrichment of genetic diversity and creation of economically improved varieties in crop plants.
Although induced mutations have been widely utilised in crop-breeding practice, the basic processes that govern the mutation formation and particularly the molecular nature of mutation events induced by physical mutagens in plants still remain obscure. The rapid progress in functional genomics provides new opportunities to study the mechanisms governing the mutagenic response of plants. Application of the expanding knowledge of DNA damage induction and repair mechanisms obtained from the genomes of model plants like Arabidopsis and Physcomitrella to crop plants may further substantiate research in this direction (2) .
Gamma irradiation or X-irradiation was the most widespread approach utilised to mutagenise plant genomes. While γ-rays are commonly used for mutation induction, other types of radiations such as ion beams are also emerging as powerful and unique plant mutagens (3, 4) . Previous studies have shown that heavy ions are capable of inducing mutations (5, 6) , chromosome aberrations (7, 8) and also of promoting growth inhibition in plants (3) .
The mutagenic potential of any DNA damage is primarily dependent on the efficiency of its elimination by the cell (9) . Higher plants are considered to be more tolerant to ionizing radiation than mammalian cells due probably to the lack of a p53-dependent apoptotic response to DNA double-strand breaks (DSBs) (10) , although radiation-induced cell cycle arrest also takes place in the plant genome. Recent findings in cultured tobacco cells suggest that in addition to the lower amounts of induced DSB, more efficient repair of DNA damage may also underlie such a high radiation tolerance (11) . This option might serve as a good prerequisite for the isolation of new repair genes through the isolation of respective mutants hypersensitive to induced DSBs.
It has to be pointed out that studies assessing the capacity of plant cells to repair ionising radiation-induced DNA damage have been performed in a relatively limited number of plants (12) . Successful recovery and thorough characterisation of mutants defective in repair of these lesions could help in defining the molecular interactions governing the radiation response of higher plants. It has been demonstrated that plants defective in genes that are involved in the control of genome integrity display increased sensitivity to various DNA damaging treatments (13, 14) , which is a prerequisite for the identification of the radiation-sensitive plant genotypes and unraveling their genetic background.
Initially, chromosome reconstruction has been successfully applied in Vicia faba to study the different aspects of the position effects in the induction of chromosome rearrangements. Based on a series of karyotypes with specific repositioning of the chromosome complement, convincing evidence that chromosome repatterning may significantly alter the overall sensitivity of the genome as well as the differential reaction of the individual chromosomes and chromosome segments towards the induction of structural mutations has been obtained (15, 16, 17, 18) . Cytologically reconstructed barley karyotypes have been later employed to evaluate the influence of the specific repositioning of aberration hotspots over the induction of structural mutations by chemical mutagens (19, 20) and to follow the kinetics of induction and repair of DSB at genomic and gene-specific levels in relation to transcriptional activity (21, 22, 23) . They have been also utilised as a model system to reveal the role of epigenetic changes like DNA methylation in the overall genome reorganisation following chromosome reconstruction in barley (24, 25) .
The ultimate goal of this study was to evaluate, in comparison with the respective parental genotype(s), the potential of the reconstructed barley line D-2946, which contains duplication of a specific chromosome segment, in coping with the major lesions that directly hamper DNA integrity, i.e. DNA singlestrand break (SSB) and DSB. Strand-break induction was performed by γ-irradiation, Li ion implantation and bleomycin treatment. Estimation of damage induction and repair potential of the respective genotypes towards DNA strand breaks was performed by comet assay and agarose gel electrophoresis under neutral and alkaline conditions. The frequency and spectrum of chromosomal damage resulting from treatment with γ-rays was also estimated.
Materials and methods

Plant material
Four reconstructed karyotypes of spring barley, namely, T-29, T-46, D-2946 and T-1586 as well as the initial variety Freya with standard chromosome complement were used. Both T-29 and T-46 are reciprocal translocations involving the short arm of chromosome 4H and the long arm of chromosome 6H (26) . D-2946 is a homozygous line for duplication of a segment, 12 milliGeNomes (mGNs) in length, originally belonging to the short arm of standard chromosome 6H (27, see Fig. 1 ). The translocation line T-1586 (26) had been chosen in most of the experiments as a control instead of the standard variety Freya, since all chromosome pairs are easily distinguishable from each other, thus significantly improving the resolution power of the analysis of both the rate and the spectrum of chromosome rearrangements. It should be noted also that chromosome 6H in T-1586 possesses standard constitution unlike the same chromosome in D-2946, where it is involved in translocation with chromosome 4H.
Irradiation and bleomycin treatment
Dry barley seeds were irradiated with two different doses of Li ions. The energy of Li ion beam implantation was 42.3 MeV with two doses of 55 and 110 Gy (dose rate of 8 Gy/min). We assume that under such energy Li ion beams can arrive at and even impenetrate the dry embryo. This assumption is based on the real tract of 7Li ion beams in wheat measured by Gamma Spectrometer GC-3108 of about 960 μm (28) and the calculated range of 42.3 MeV Li ion arrival in water by 'SRIM-2003 software package', which is 614 μm.
137 Cs gamma source (GOU-3M) emitting γ-rays at dose rate 146 Gy/h was used for the irradiation of both dry barley seeds and germinated root seedlings. Doses of γ-rays applied to the dry barley seeds in the comet assay experiments were 55 and 110 Gy. For cytological analyses, dry barley seeds were irradiated with 150 Gy γ-rays. Estimation of directly induced DSBs was performed after 100 Gy irradiation of germinating barley roots and 17 h after dry seed imbibition. Non-irradiated control samples were also processed simultaneously.
For the treatment with bleomycin, barley seeds were germinated on moist filter paper in the darkness at 25°C. Uniformly germinated seedlings (root tips ~2 mm long) were treated with 2.5% Driselase (Fluka) at 37°C for 45 min. Seedlings were washed and dipped in 200 μg/ml water solution of BLM (bleomycin hydrochloride; Nippon Kayaku Co., Ltd, Japan) for 2 h at 37°C and then thoroughly washed with distilled water.
Cytological analyses
Cytological procedures for scoring chromosome aberrations and karyotype analysis were essentially the same as previously described (19) . Briefly, dry barley seeds were irradiated with γ-rays (dose of 150 Gy) and then soaked for 15 min in distilled water and placed in Petri dishes for germination at 24°C. The primary rootlets were pretreated in 0.025% colchicine saturated with 1-Bromonaphthalene for 2 h prior to fixation in ethanol-acetic acid (3:1 by volume). To cover the whole first cell cycle after γ-irradiation the rootlets were fixed at four recovery times (see Fig. 3 ). After hydrolysis in 1 N HCl for 9 min, the rootlets were stained with Shiff's reagent for 1 h (Feulgen method) and macerated in 4% pectinase. Chromosome aberrations were scored in metaphase using temporary squash preparations and Olympus microscope BX 41. For each point, at least 400 random cells were scored.
The ideograms were constructed on the basis of average values obtained from the measurements of at least 10 chromosomes from each chromosome type and following the proposals of Jensen and Linde-Laursen (29) and Marthe and Künzel (30): (i) total mitotic length of the genome is defined as 'one GeNome'; (ii) the size of the chromosome arms is given in milliGeNomes, i. e., one-thousandth of the genome length; (iii) centromeres are given the position 0 (zero); (iv) the size and/or position of satellites, N-bands and rearrangement breakpoints are defined in mGNs from the zero positions. For designation of the chromosomes, the system (1H -7H), introduced by Linde-Laursen et al. (31) , based on the homoeology of the barley and wheat chromosomes was used. Germination rate versus doses for barely seedlings after irradiation of dry seeds with γ-rays. Each value is the mean of five independent experiments obtained from at least 50 irradiated seeds per experimental point. Statistical analysis between control group and irradiated groups was made using the Kruskal-Wallis test followed by Dunnett's multiple comparisons. Error bars represent SD. *Kruskal-Wallis (P < 0.05). n.s., no significant differences.
Comet assay experiments
Barley seeds from control line Freya as well as those from the reconstructed barley lines T-1586 and D-2946 were treated for 15 min with 0.1% KMnO 4 , soaked for 1 h in distilled water at room temperature and germinated on moist filter paper in Petri dishes for 17 h in the darkness at 25°C.
Isolation of nuclei. For isolation of barley nuclei from root tip cells, Van't
Hoff's (32) procedure with minor modification (23) was utilised, yielding high level of intactness and purity. Isolated nuclei were kept in Sörensen buffer for further analyses.
Comet assay procedure, comet capture and statistical analysis. The neutral and alkaline comet assay procedures, including slide preparation, gel casting, lysis of nuclei and electrophoresis conditions have been described in detail earlier (23) . Acridine orange staining of the resulting nucleoids was used (23) to determine the comet parameter (percentage of DNA in the tail) of the control and irradiated barley nuclei. A total of 50 barley nuclei per slide were scored under Zeiss Jenamed-2-fluorescence microscope at ×10 and ×25 magnification with a 510-nm excitation filter. At least three slides per sample were analysed. All comet assay experiments were performed in three replications except the N/N protocol for Li ion induction of damage, where two independent experiments were done. The comet-shaped structures were measured using the image analysis software (Comet Score, Tritec Corporation). The mean values of irradiated and control groups were calculated. Differences in the mean values of the recorded parameter (% DNA in tail) ±SE were compared by multivariate analysis of variance (GLM repeated measures) and Tukey HSD multiple comparison for differences from the control and between all groups (23). Differences were considered significant when P < 0.05.
Gel electrophoresis, Southern blotting and quantification of SSB and DSB
DNA was isolated immediately after bleomycin treatment or after 1-and 3-h repair incubations under darkness at 25°C. Root tips were manually dissected and ground in liquid nitrogen, and the standard CTAB procedure with slight modifications was employed to isolate DNA (33).
As described earlier (22) , Number Average Length Analysis (NALA) (34) of DNA migration pattern in agarose gels under neutral and alkaline electrophoretic conditions is utilised to estimate the induction rate and repair kinetics of bleomycin-induced DSB and SSB in total genomic DNA. In short, for DSB analysis, genomic DNA was separated in 1.5% agarose gels containing 500 ng/ml EtBr in 1×TAE buffer by constant field gel electrophoresis performed under neutral conditions at 50 V for 3.5 h. For SSB quantification, conventional alkaline electrophoresis in 0.8% alkaline-agarose gels (50 mM NaCl, 1 mM EDTA) was performed in alkaline buffer (30 mM NaOH; 1 mM EDTA) at 12V overnight. Following neutralisation in 1.5 M NaCl, 1 M Tris-HCl, pH 8.0 and ethidium bromide-staining the gels were visualised under 254-nm UV light.
Bleomycin-induced DSBs in barley ribosomal genes were analysed by Southern blotting and hybridisation. Barley genome contains two ribosomal repeats, 9.8 and 8.8 kb in length, organised in clusters and localised in chromosomes 6H and 5H, respectively. They were differentiated by digestion of genomic DNA with EcoRI (Fermentas) for 2 h, 10 U/µg. Equal amounts of DNA digestion products were loaded on 0.7% neutral agarose gels, run overnight in 1×TAE buffer and photographed under UV light. DNA was partially depurinated in 0.25M HCl and transferred to Hybond N + (Amersham) using standard alkaline capillary transfer. The longer barley rDNA repeat was used as hybridisation probe. Ribosomal sequences were isolated by EcoRI digestion of pBR325-based construct H.V.014, containing the whole 9.8-kb rDNA repeat. Blots were hybridised with digoxigenin dUTP-labelled probe at 42°C for 16 h. Labelling, hybridisation and detection were performed using DIG DNA Labeling and Detection Kit (Boehringer Mannheim) according to the manufacturer's recommendations.
Calculation of DNA SSB and DSB. Ethidium bromide-stained gels were photographed under 254-nm UV light and densitometrically analysed using ImageQuantTL7 software (GE Healthcare). After subtracting the background, DNA distribution in each lane was obtained. Frequency of DNA breaks [Φ] was calculated based on the number average lengths according to the equation: 
Results
Chromosome constitution of line D-2946
D-2946 is a stable homozygous line containing in quadruple dose a segment, 12 mGNs in length, originally belonging to the short arm of the standard chromosome 6H. Resulting karyotype combines the translocated chromosomes 4H 6H and 6H
4H
originating from the parent lines T-46 and T-29, respectively (Fig. 1) . Each of the two homologues of the reconstructed chromosomes, shown in the Fig. 1 , carries one copy of the duplicated segment. This segment includes short heterochromatic region as indicated by Giemsa N-banding and has been also identified as a region of low gene density (35) . It should be noted that given the resolution of the cytological techniques employed for the identification of the size and position of the duplicated segment, small structural alterations in the loci of chromosome rearrangements or in the flanking regions of the duplicated segment cannot be ruled out.
Comparison of germination rates
The dose-effect relationships after treatment with γ-rays for obtaining germination rates of the seedlings from reconstructed barley lines T-1586 and D-2946 are presented in Fig. 2 . It is evident that the germination potential of non-irradiated seeds of line D-2946 is significantly lower than the control line T-1586. However, γ-irradiation further reduced the germination capacity of line D-2946 by 40%, whereas the respective reduction in T-1586 is about 20%, thus exemplifying the difference in the radiosensitivity between the karyotypes.
Kinetics of chromosome aberrations as a function of recovery after γ-irradiation
The frequency of chromosome aberrations as a function of recovery after γ-irradiation of dry seeds is shown in Fig. 3 . Nearly all chromosome rearrangements scored were of chromosomal type (isolocus breaks, acentric and centric rings with fragments, di-and polycentric chromosome configurations with fragments, reciprocal symmetric chromosome exchanges), which could be due to the fact that the embryonic cells of barley dormant seeds are naturally synchronised at G 1 stage during irradiation. It can be derived that the control karyotype T-1586 and the two parent translocation lines T-29 and T-46 do not significantly differ in their sensitivity to γ-irradiation in respect to chromosome aberration induction. It is obvious, however, that the duplication line D-2946 exhibits remarkably higher aberration yields at all recovery periods scored. At the same time, no essential differences in the kinetics of disappearance of metaphases with aberrations during the follow-up time up to 56 h post-irradiation among the karyotypes were observed as the slope of the respective curves are similar. It should also be noted that the observed increase of aberration induction in D-2946 is not related to any specific clastogenic response of particular chromosome regions (data not shown). In order to compare the effect of the γ-rays and Li ions on DNA integrity, an alkaline variant of the comet assay was applied initially. Induction kinetics of DNA strand breaks in lines T-1586 and D-2946 is presented in Fig. 4 .
The response of the two barley karyotypes towards irradiation was different. Namely, the mutant line D-2946 displayed elevated levels of DNA strand scissions induced by γ-rays, more clearly pronounced after application of 110 Gy, in comparison with the control as judged from the differences in the slopes of the respective dose-response curves. In contrast, the response to Li ion beams was of similar magnitude, as the slopes of respective dose-response curves of both the mutant line D-2946 and the control line are practically the same. It is worth mentioning that the damage estimation here was performed after a certain germination period in which the processes of DNA replication and repair are already active, which impedes the real assessment of the initial damage.
Comparative evaluation of the induction rate of DNA DSBs after irradiation with γ-rays and Li ions was also performed based on the application of the comet assay under neutral conditions. Respective data presented in Fig. 5 display again higher sensitivity of the reconstructed karyotype D-2946 to γ-irradiation in comparison with the control lines, becoming more clearly pronounced after application of 110 Gy γ-rays. Concerning the induction rate of DNA DSB after treatment with the same amount of doses of Li ions, the response of the parental and mutant lines was practically the same.
The appearance of the sample comet images from lines T-1586 and D-2946, represented in Figure 6 , demonstrates the influence of Li ion beam implantation over the nucleoid DNA integrity assayed under neutral conditions. Figure 7 displays the extent of DNA strand breakage for both barley lines evaluated by the neutral comet assay immediately after the application of 100 Gy γ-rays to barley root seedlings. The data presented suggest that the behavior of the two karyotypes differ significantly. Namely, the yield of DNA DSBs found in the control line T-1586, immediately after irradiation, is about half of that observed in line D-2946. Our initial experiments also pointed towards a reduced capacity of D-2946 in repairing this type of DNA damage (data not shown).
Induction kinetics of DNA strand breaks after irradiation of root seedlings with γ-rays
Recovery of DNA strand breaks induced by bleomycin
Electrophoretic profiles of the respective genomic DNAs reflecting the induction and repair of DNA SSB and DSB in line D-2946 are presented in Fig. 8 . A clearly defined loss of genomic DNA integrity, immediately after bleomycin treatment, was found, resulting in a distribution pattern predominantly in the low-molecular weight area, which indicates that bleomycin treatment produces substantial amount of both DNA SSB and DSB immediately after treatment termination. The number of breaks induced in barley genome immediately after bleomycin treatment was calculated to be 1.5 × 10 6 and 1.98 × 10 6 for DSB and SSB, respectively. The rate of DSB expressed per 10 kb of DNA was 2.78 ±0.28 in the total genomic DNA and 1.26 ±0.65 in the ribosomal DNA.
The distribution profiles characteristic for the genomic DNA obtained from line D-2946 did not display distinct restoration of DNA integrity after 1-and 3-h recovery, more clearly pronounced for SSB, which highlights the low early repair potential of this line for DNA strand scissions. The hampered repair capacity of D-2946 for strand breaks within the ribosomal DNA (rDNA) was also visualised by employing Southern blotting and densitometric analysis of the resulting hybridisation profile (Fig. 8 C) . However, unlike D-2946, under the same experimental conditions in line T-1586, we have previously observed a clear reversion towards high-molecular weight DNA after 1-h recovery, more clearly pronounced for SSBs, which indicated that the repair potential of T-1586 for DNA strand breaks on both genomic DNA and rDNA levels is effectively expressed rapidly after treatment (22) .
Discussion
Radiation-induced instability of eukaryotic genome is manifested in multiple ways, ranging from an increased rate of genetic alterations like chromosome rearrangements to gene mutations and amplifications, transformation and cell death in the progeny of the irradiated cells many generations after exposure (36) . Significant share of cells developing genetic instability after radiation stress and its prolonged occurrence indicates that this phenomenon is not solely a direct response to the primary DNA damage.
Early investigations on radiosensitivity have shown that oxygen concentration and moisture content are important parameters of post-irradiation genetic effects in barley and maize (37, 38) . Sensitivity of barley towards lesions induced by γ-rays is also found to be substantially elevated during germination because of the differential organisation and mobility of the chromosome material in resting and germinating seeds (39) . Dosedependent induction of chromosome aberrations was observed in meiotic pollen mother cells derived from rice seeds irradiated with heavy ions (5) . Micronuclei formation in the progeny of the γ-irradiated tobacco cells detected multiple generations after the insult provided a direct evidence for manifestation of radiationinduced genomic instability in higher plant cells (40, 41) .
The effects of karyotype reconstruction on the frequency and distribution of the induced structural mutations have been a subject of extensive studies in V. faba (15, 16, 17, 18) . Differential increase of the sensitivity to chemical mutagens with delayed effect was observed in our previous studies with barley karyotype T-21, where the rearrangement of the two hotspot segments in tandem position resulted in a profound clustering of chromatid aberrations (19, 20) .
Barley reconstructed karyotype D-2946 is a genetically stable segment tetraploid for the medial region of the short arm of chromosome 6 (6H), characterised by increased transcriptional activity of the NORs residing in chromosomes 5H and 6H (27) . Our data on the formation of chromosome aberrations revealed significant increase in their frequency during post-irradiation recovery as compared with the control levels observed for all three parental genotypes (Fig. 3) . These results are indicative of a distinct elevation in the sensitivity of D-2946 chromosome complement towards ionising radiation-induced chromosomal damage as compared with the parental genotypes. How the addition of chromosome material to the normal karyotype exerts influence over the primary induction of damage is difficult to explain. Similar effects of increased chromosomal sensitivity and decreased cell survival after mutagenic treatment have been observed in cells from patients with Down's syndrome, which is characterised by trisomy in chromosome 21. Such cells have been found to be more frequently involved in chromosome rearrangements induced by γ-rays (42) or N-methyl-N-nitrosourea (43) than those from the control diploid lines. The sensitivity differences to clastogens were in these instances attributed to genetic defects of the repair pathways involved (44) .
The experimental setup of our study demonstrates that Li ion implantation of dry barley seeds results in post-irradiation formation of both SSB and DSB during the subsequent germination period in addition to inducing DNA strand breaks directly, as demonstrated previously (45) . Earlier observations revealed higher biological effectiveness of ion beam implantation in comparison with low-LET radiation such as γ-rays in the plant genome (5, 3, 4) . The specific response of the karyotypes to Li ions could be a consequence of the differences in mechanisms of primary induction of DNA strand breaks as compared with γ-rays. Treatment of dry barley seeds with Li ions has resulted in a similar rate of SSB and DSB formation for both lines when compared with the effect of relevant doses of ionising radiation (Fig. 4 and Fig. 5 ). It was shown that swift heavy ions of lithium mainly produce DSB in an aqueous solution of plasmid pMTa4, predominantly at guanine cytosine-rich DNA entities (46) . Concerning the observed uniform response of both karyotypes to Li ions, both the role of differential post-implantation repair activities and the distinct levels of radical scavengers or modulation of chromatin compactness are attractive hypotheses to be tested.
Results on the initial induction of DNA strand breaks by γ-rays indicate higher sensitivity of the reconstructed karyotype D-2946 in comparison with the parental ones as judged from the slope of the respective dose-response curves. It is also evident that the repair potential of this line for both types of DNA strand breaks after bleomycin treatment is affected (Fig. 8) . In the case of bleomycin-treated plants the expression of AtKU70 and AtKU80 genes associated with non-homologous end joining has been established (47, 48) . Recently, however, an alternative DSB repair pathway that removes bleomycin-induced DSB from Lig4-and Ku80 deficient Arabidopsis plants has also been demonstrated (49) . Based on the data available up until now the relative involvement and the genetic control of the mechanisms maintaining strand-break repair in barley genome should be subjected to further investigations.
Conclusions
Data obtained in this study indicate that radiation-mediated rearrangement of the chromosome complement has resulted in a substantial modulation of the response of barley genome to both DNA SSB and DSB induced by ionising radiation and bleomycin. They assign the barley reconstructed karyotype D-2946 as a candidate radiation-sensitive line with reduced potential to maintain genome integrity in respect to DNA and chromosomal damage and as an appropriate model for further elucidation of the molecular nature and genetic control of the radiosensitivity in higher plants. The availability of Arabidopsis sequence information is a good prerequisite for further characterisation of the genome maintenance systems and successful isolation of related genes in barley. 
